Keywords: apoptosis/high polyploid/tumor ABSTRACT. It is well known that DNA-ploidy is useful independent prognosticator of malignancy. However, the biological significance of polyploid cells and the relation between polyploidy and prognosis is not well understood. We analyzed DNAploidy by flow cytometry in Meth-A cells (a cultured sarcoma cell line) after treatment with K252a, a protein kinase inhibitor, and showed induction of polyploidization.
The numerical chromosomeaberrations of cells differing from the euploid complement through the loss or gain of one or more chromosomesin mitosis are involved in aneuploidy formation (1) . The aneuploid condition is considered to be a common cause of spontaneous abortions, congenital malformations, and genetic disorders (2) . Tumors with aneuploidy were found to be correlated to poor prognosis, indicating a high degree of tumor malignancy (3) .
In contrast, polyploidization has been suggested to be a result of escaping the mitotic block, bypassing cellular division and entering into a new cycle of DNA replication (4) . In malignancy, polyploid nuclei have long been known to exist in a wide range of tumors (5) (6) (7) . Tumors with euploidy were found to be correlated to good prognosis, indicating a low degree of malignancy (8). Polyploid cells are not specific to cancer, since they are also found in terminally differentiated cells such as cardiomyocytes (9) and neurons (10).
However, the biological significance of polyploid cells and relation between polyploidy and prognosis is not well understood.
Apoptosis, or 'programmed cell death' as reported by Kerr in 1965 (ll) , is a widespread process that occurs during embryogenesis (12); at the end of the life span of differentiated cells (13); and under many other physiological (14) and pathological conditions (15). It is a highly controlled process involving gene expression, protein synthesis, and the activation of specific enzymes (16, 17) , and can be induced by various external or internal signals (18, 19) . Recently, it has been proposed that tumor progression not only involves cell proliferation but also aberrant cell survival resulting from inappropriate suppression of apoptosis (20) . It has also been suggested that apoptosis is a mechanism of cellular defense against disease (21) . Therefore, the evaluation of apoptosis-inducibility is important when planning strategies of cancer therapy. Wehave been interested in the relationship between polyploidization and apoptosis, since this would help determine the role of polyploid cells in the tumor population and explain the cause of the good prognosis in patients with tumor consisting of more polyploid cells. In the present study, we show both K252a, which inhibits protein kinase by competing with the binding of ATP to the kinase catalytic domain (22) , and colcemid, a potent inhibitor of mitotic spindle which functions by antagonizing tubulin polymerization and inducing the disassembly of microtubules into monomers (23) , induce polyploidization of Meth-A cells in vitro and in vivo, and demonstrated that the fate of high polyploid cells is apoptotic cell death and overexpression of p53 was involved in the apoptosis of these cells.
+ To whomcorrespondence should be addressed.
MATERIALS AND METHODS

Materials
K252a was purchased from Funakoshi Co., Japan, dissolved in dimethyl sulfoxide and stored in the dark at -20°C. Colcemid was purchased from Sigma Chemical Co., dissolved in phosphate-buffered saline (PBS) and stored in the dark at 4°C. The mouse monoclonal antibody against p53 protein used in this study was purchased from WakoPure Chemical Ind. Co., Ltd., Tokyo. All chemicals were of reagent grade and purchased from Sigma Chemical Co. Analysis of morphological changes For observation of nuclear fragmentation, the Meth-A cells were fixed in methanol. The cell nuclei were stained with a solution containing 0.05 /Jtg/ml of 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) at room temperature for 30 minutes, and observed for nuclear fragmentation under a fluorescent microscope. For immunohistochemistry of p53 protein of Meth-A cells, the deparaffinized and dehydrated slides were boiled in 10 mM citrate buffer (pH 6.0) for 10 minutes in an autoclave at 121°C and then stained using general methodology (25) . Briefly, incubation was with the primary mousemonoclonal antibody against p53 protein for 24 hours at 4°C and staining was with the secondary, rabbit anti-mouse IgG FITC-conjugated antibody. Finally, the slides were stained with PI and observed under a fluorescent microscope.
DNAgel electrophoresis
The pooled Meth-A cells were pelleted by centrifugation. The cell pellets were washed in PBS and then analyzed as described (26 Fig. 1A shows the proliferation curves of the cells as a function of time of K252a treatment. The cell proliferation was almost completely arrested over time after incubation in the presence of 2ftM of K252a. At 48 hours, the cell number was slightly less than that at 0 hour, suggesting that a part of the cells died. The effect of K252a on cell volume distribution was determined using a Coulter counter. K252a induces polyploidization and apoptosis of Meth-A cells To investigate the mechanism whereby K252a arrests cell proliferation and induces volume enlargement of Meth-Acells, we examined the effect of K252aon the cell cycle. The cells were stained with PI and subjected to flow cytometry. The distribution of DNAcontent was then examined. Histograms are shown in Fig. 2 . The first, second, third and fourth peaks were produced by cells with 2C, 4C, 8C and 16C respectively. The hypodiploid population was composed of apoptotic bodies (27) . With continued incubation after exposure to 2 jjM of K252a for 36 hours (Fig. 2B) , cells with progressively greater DNAcontent were observed and the main peak shifted from 2C in the control ( Fig. 2A Figure 3 shows the morphological changes of those cells subjected to flow cytometry. Meth-A cells were stained with DAPIand the nuclear morphology was examined. After exposure to 2 fiM of K252a for 36 hours, giant high polyploid cells that were much larger than control cells (Fig. 3A ) in both whole cell and nuclear size were apparent. Fig. 3B shows a representative photograph of a giant high polyploid cell. Under the same treatment conditions, giant high polyploid cells containing remarkable apoptotic bodies characterized by nuclear fragmentation appeared, indicating apoptotic cell death of these cells (Fig. 3C) . Overexpression of p53 protein in high polyploid Meth-
Acells
To confirm the correlation between the high polyploid (>8C) cells and expression of p53 protein, flow cytometry was used to determine the quantitative changes. The Meth-Acells were simultaneously stained with PI and monoclonal antibody against p53 protein, and subjected to flow cytometry. The cells with 2C, 4C, 8C and 16C were gated respectively, and the expressions of p53 protein in cells with 2C, 4C, 8C and 16C displayed. As shown in Fig. 4 protein. Fig. 5 shows representative photographs of control cells (Fig. 5A) , colcemid-induced giant high polyploid cells (Fig. 5B ) and apoptotic cell death of high polyploid cells (Fig. 5C ). Corresponding to the results observed by flow cytometry, giant high polyploid cells show strong nuclear immunostaining of p53 protein ( Fig. 5B and 5C ).
Survival of mice that received an injection i.p. of Meth-A cells
To determine the viability (or mitotic capacity) of K252a-induced high polyploid cells, cells of the control (A) and cells exposed to 2 fiM ofK252a for 36 hours (B) were injected i.p. into mice, respectively. Fig. 6 shows the survival rate of the mice. In group A, mice started to die from day 10 after an injection i.p. of Meth-A cells and by day 17, all mice were dead. In contrast, the mice in B group did not start to die until day 25, 16 days later than the mice in A group, with 80% still alive at day 60. Moreover, at day 60 the living mice were sacrificed and dissected, with no abnormal findings. Relative p53 protein content DISCUSSION Clinically, the morphological diagnosis leading to a prognosis of malignancy is based on the pathologist's degree of personal experience. Therefore, accuracy varies among pathologists as well as by intratumorous variation. As an objective criterion, cytometric ploidy analysis has gained considerable attention in diagnostic tumor pathology in an attempt to make up for deficiencies in morphological prognoses. A great number of researchers have reported that DNA-ploidy is useful as an independent prognosticator of malignancy (28) . However, we found that the definition of DNA-ploidy, that is, of aneuploidy from polyploidy, is indistinct. We emphasize the difference between aneuploidy and polyploidy through mitotic capacity, i.e. able to mitosis in aneuploidy and unable to mitosis in polyploidy. Little is known about the biological and clinical significances of polyploid tumor cells, which differ from aneuploid tumor cells demonstrated to correlate with advanced stage, a loss of tumor differentiation and metastases (29) . Based upon this background we investigated whether or not the fate of polyploid cells is apoptotic cell death, to obtain evidence that tumors with polyploidy correlate to good prognosis indicating a low degree of malignancy.
In this study, we found that treatment by 2^M of K252a for 36 hours resulted in proliferation arrest and volume increase of Meth-A cells. Flow cytometric analysis revealed that proliferation arrest and volume increase were the result of polyploidization induction. At the same time, DNAhistograms obtained from flow cytometry showed a marked increase in the ratio of the hypodiploid population. This result suggests a close relationship between polyploidization and apoptosis. To confirm this, the morphological change of nuclei was observed by DAPIstaining. The results showed that K252a induces giant high polyploid cells containing apoptotic bodies, indicating the apoptotic cell death of these cells.
Furthermore, to determine the viability (or mitotic capacity) of K252a-induced high polyploid cells after K252a was released, survival of mice bearing high polyploid cells was observed. The result that 80% of mice remained healthy and autopsy support the in vitro findings. From these findings we concluded that the fate of high polyploid cells is apoptotic cell death. This conclu- termined the expression of p53 protein and found that in cells with 16C, the expression was 10-fold or more that in the cells with 2C, suggesting the overexpression of p53 protein was at least in part involved in the in- {Receivedfor publication, May 15, 1998 and in revised form, June 28, 1998) 
